**Core tip:** Perineural invasion (PNI) is a primary cause of local recurrence and poor survival in patients with pancreatic cancer. However, the exact mechanism of PNI remains unclear. Pleiotrophin (PTN) and its receptor, N-syndecan, may play an important role in tumor growth and PNI of pancreatic cancer. In a previous study, we found that high expression of PTN and N-syndecan may contribute to increased PNI and poor prognosis in patients with pancreatic cancer. In this study, we further elucidated the function of PTN and N-syndecan using an orthotopic mouse model of pancreatic cancer. We demonstrated that PTN and N-syndecan promoted tumor progression and PNI.

INTRODUCTION
============

Pancreatic cancer is a deadly cancer. It is the fourth leading cause of cancer-related deaths\[[@B1]\], with less than 5% of patients surviving 5 years or more. Moreover, as high as 60% of the patients who have undergone surgical treatments present with local or regional recurrence\[[@B2]\]. The poor prognosis of pancreatic cancer is linked with local recurrence, lymph node metastasis, liver metastasis, peritoneal dissemination, and Perineural invasion (PNI)\[[@B3],[@B4]\]. PNI is a prominent characteristic of pancreatic cancer, which is found in nearly 100% of pancreatic cancer cases upon targeted histopathologic inspection of surgical specimens\[[@B5]\]. Recent studies have demonstrated that pancreatic cancer exhibits high invasive and metastatic incidences to the nerves within the pancreas and the peripheral nerve plexus\[[@B6],[@B7]\], which is a critical predictor of local postoperative recurrence. Postoperative recurrence is a cause of postoperative failure in pancreatic cancer. PNI is characterized by cancer cells which invade the space surrounding the nerves, called the perineural space. Pancreatic cancer has one of the highest incidences of PNI (70%-100%) compared with other cancer types, which correlates with poor prognosis and decreased survival\[[@B8],[@B9]\].

A family of proteins consisting of neurotrophic factors is of research interest, because recent studies have demonstrated their involvement in neural invasion\[[@B10],[@B11]\]. Pleiotrophin (PTN) is a type of neurotrophic factor found in the mouse, rat, and human. PTN proteins across these different organisms are highly homologous with midkine, another member of the PTN family of proteins\[[@B12],[@B13]\]. PTN and midkine are overexpressed in various human cancers, where they promote neuritic outgrowth, angiogenesis, expansion, and metastasis of tumor cells\[[@B14]-[@B18]\]. In normal pancreatic tissues, PTN is not expressed, but it is highly expressed in pancreatic cancer tissues. In addition, high expression of PTN correlates with pancreatic cancer progression\[[@B19],[@B20]\]. N-syndecan is an essential component for neurite outgrowth and it is a strong receptor for PTN\[[@B21]\]. In *in vitro* studies, anti-N-syndecan antibodies inhibited PTN-induced neurite outgrowth\[[@B22]\]. N-syndecan is primarily expressed in neural tissues and is found localized in neuritis\[[@B23]\]; however, its localization in the neurites remains unknown during progression of pancreatic cancer. Therefore, PTN is expected to play an important role in the progression of pancreatic cancer and its neural invasion.

In our previous study, we compared expression patterns of PTN and N-syndecan by immunohistochemistry and determined whether their expression was associated with clinicopathological features, PNI, or overall survival (OS) in patients with pancreatic cancer. We found that high expression of PTN and its receptor may contribute to increased PNI and subsequently poor prognosis in patients. In this study, we further studied the functional role of PTN and N-syndecan in an orthotopic mouse model of pancreatic cancer.

MATERIALS AND METHODS
=====================

Animals
-------

Fifty male athymic nude mice (BALB/c background) were purchased from the Shanghai Experimental Animal Center (Shanghai, China). Mice were housed and maintained in laminar flow cabinets under specific pathogen-free conditions. All 50 nude mice were used in accordance with institutional guidelines when they were 6 wk old.

Cell culture
------------

Human pancreatic cancer cell line (MiaPaCa-2) was obtained from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). MiaPaCa-2 cells were cultured in an atmosphere of 5% CO~2~ and 95% air at 37 °C in Dulbecco's modified Eagle's medium (DMEM) or Roswell Park Memorial Institute (RPMI) medium (Gibco, United States) containing 10% or 5% fetal bovine serum (Hyclone, United States), as required. All cells were mycoplasma-free and mouse antibody production (MAP) tested.

Tumor cell injection techniques
-------------------------------

For *in vivo* injection, cells were harvested from culture flasks after trypsinizing for 2 to 3 min. Cells were then transferred to serum-free Hanks' balanced salt solution (HBSS). Only single-cell suspensions of greater than 90% viability (trypan blue exclusion) were used for injection. Male nude mice were anesthetized with methoxyflurane. A small left abdominal flank incision was made and the spleen was exteriorized. Tumor cells (1 × 10^6^/40 μL HBSS) were injected subcapsularly in a root region of the pancreas beneath the spleen. A 30-gauge needle, a 1-mL disposable syringe, and a calibrated, pushbutton-controlled dispensing device were used to inject the tumor cell suspension (Hamilton Syringe Co, Reno, NV, United States). A successful subcapsular intrapancreatic injection of tumor cells was identified by the appearance of a fluid bleb without intraperitoneal leakage. In cases of leakage, a cotton swab was held for 1 min over the site of injection. One layer of the abdominal wound was closed with wound clips (Autoclip; Clay Adams, Parsippany, NJ, United States). The animals tolerated the surgical procedure well and no anesthesia-related deaths occurred.

Immunohistochemistry
--------------------

PTN and N-syndecan proteins were detected by immunohistochemistry using a standardized streptavidin-peroxidase (SP) method. Sections (4 μm) from paraffin-embedded tissue were used for immunohistochemistry. Sections were deparaffinized in xylene followed by a graded series of ethanol (100%, 95%, 80%), and rehydrated in phosphate-buffered solution (pH 7.5). All samples were incubated with a 3% H~2~O~2~ in methanol solution for 12 min at room temperature to block endogenous peroxidases. Sections were then washed three times with PBS and then incubated for 20 min at room temperature in a protein-blocking solution. The primary antibodies were diluted in protein blocking solution to the desired concentration and applied to the sections overnight at 48 °C. The sections were then rinsed in PBS and incubated for 10 min in protein-blocking solution before adding peroxidase-conjugated secondary antibody. After incubation in secondary antibody for 1 h at room temperature, the samples were washed and incubated with stable diaminobenzidine (DAB, Research Genetics, Huntsville, AL, United States). Staining was monitored under a bright-field microscope, and the reaction was stopped with distilled water. Finally, the sections were counterstained with hematoxylin, rinsed with water, dehydrated, cleared and cover-slipped. The following primary antibodies were applied: anti-PTN (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, United States) and anti-N-syndecan (1:100 dilution; Boster, Wuhan, China). Negative controls for immunostaining included non-immune goat or rabbit serum. Breast carcinoma and neurogliocytoma were used as positive controls for PTN and N-syndecan, respectively. PTN and N-syndecan expression was evaluated by calculating the percentage of positively stained cells (\> 10% was considered positive).

Analysis of PNI
---------------

PNI was assessed in all pancreatic cancer samples by two independent observers that were blinded to the samples. Any differences were resolved by a joint review and consultation with a third observer. For each sample, approximately 10 tissue sections from different tumor locations were analyzed. PNI was defined as positive if the infiltration of cancer cells into the perineurium or neural fasciculus was detected at the leading point, as previously reported\[[@B24]\]. The degree of PNI was defined microscopically as follows: 0 (PNI was difficult to find, with ≤ one occurrence per slide), 1 (PNI was easy to find, with two to four occurrences per slide), and 2 (PNI was easy to find, with more than four occurrences per slide or intraneural invasion).

Statistical analysis
--------------------

Univariate analysis was performed using the *χ*^2^ test. Survival rates were calculated by the Kaplan-Meier method, and differences were examined using the log-rank test. Factors found to be significant were then chosen for a stepwise Cox multivariate proportional hazard model to determine their prognostic value. These analyses were performed using SPSS 16.0 for Windows (SPSS, Chicago, IL, United States). *P-*values less than 0.05 were considered statistically significant.

RESULTS
=======

An orthotopic mouse model of pancreatic cancer was generated to further study the role of PTN and N-syndecan in pancreatic cancer. A total of 50 mice were involved in the study, in which 14 survived for less than 90 d, and 36 survived for more than 90 d. Thirty-six mice with better OS were used for further studies since these mice did not develop PNI associated with pancreatic cancer.

Anatomical examinations
-----------------------

Bloody ascites was observed in almost all abdominal cavities of nude mice that died, of which six had large bloody ascites. Pancreatic tumors had an irregular shape and showed adhesion with the surrounding organs such as the liver, intestine, and spleen. Metastases to the spleen, peritoneum, and liver were also observed. These tumors generally had necrotic centers and abundant blood vessels.

Expression of PTN and N-syndecan proteins in pancreatic tumors
--------------------------------------------------------------

PTN protein was expressed in the cytoplasm of tumor cells. It was predominantly localized to invasive carcinoma cells (Figure [1A](#F1){ref-type="fig"} and B). No PTN expression was observed in normal pancreatic cells. Interestingly, moderate PTN staining was found in cells in the adjacent tissues. PTN expression was also found in desmoplastic stromal cells within the pancreatic cancer mass in PTN-positive tumors. No N-syndecan protein staining was observed in the perineurium of nerves in normal pancreatic tissues. N-syndecan protein staining was also not observed in acinar and ductal cells. Pancreatic tumor cells were devoid of any N-syndecan (Figure [1C](#F1){ref-type="fig"}). In tissues around the pancreatic tumor mass, N-syndecan protein staining was not found in the perineurium of nerves. However, in pancreatic tumor tissues, strong N-syndecan expression was noted in the perineurium of pancreatic nerves (Figure [1D](#F1){ref-type="fig"}). In total, the expression rate of PTN was 66.7% (24/36) in pancreatic cancer tissues and 22.2% (8/36) in tissues around the tumor mass. The expression rate of N-syndecan in the perineurium of pancreatic nerves was 61.1% (22/36).

![Representative immunohistochemistry results of pleiotrophin (× 400) and N-syndecan (× 200). Paraffin sections were immunostained as described in Methods. A: Tumor tissue showing moderate pleiotrophin (PTN) expression; B: Tumor tissue showing intense PTN expression; C: Negative N-syndecan expression in perineurium of nerves of pancreatic cancer; D: Positive N-syndecan expression in the perineurium of nerves of pancreatic cancer.](WJG-23-3907-g001){#F1}

Relationship between PTN protein and its receptor expression with anatomical features
-------------------------------------------------------------------------------------

Table [1](#T1){ref-type="table"} summarizes the association between PTN protein and its receptor expression and anatomical parameters in our mouse model. PTN expression was observed in 37.5% of mice with minimal bloody ascites (3/8), 68.2% of those with detectable bloody ascites (15/22), and 100% of those with large bloody ascites (6/6) (*P* = 0.009). High PTN expression was associated with liver metastasis (*P* = 0.035), and N-syndecan expression was associated with tumor size (*P* = 0.025). A trend between PTN expression and tumor size seemed likely, but it was not statistically significant (*P* = 0.064). PTN and N-syndecan expression was not associated with lymph node metastasis (*P* \> 0.05).

###### 

Associations between expression of pleiotrophin and N-syndecan with anatomical factors in an orthotopic mouse model of pancreatic cancer *n* (%)

  **Factor**                      **PTN positive cases**                      **N-syndecan positive cases**
  ------------------------------- ------------------------------------------- -------------------------------------------
  Peritoneal dissemination                                                    
  Negative (*n* = 14)             71.4 (10)                                   57.1 (8)
  Positive (*n* = 22)             63.6 (14)                                   63.6 (14)
  Histological grade                                                          
  I (*n* = 4)                     50.0 (2)                                    25.0 (1)
  II (*n* = 19)                   73.7 (14)                                   68.4 (13)
  III (*n* = 13)                  61.5 (8)                                    61.5 (8)
  Tumor size                                                                  
  ≤ 1 cm (*n* = 8)                50.0 (4)                                    25.0 (2)[a](#T1FN1){ref-type="table-fn"}
  \> 1 cm but ≤ 2 cm (*n* = 21)   61.9 (13)                                   66.7 (14)[a](#T1FN1){ref-type="table-fn"}
  \> 5 cm (*n* = 7)               100.0 (7)                                   85.7 (6)[a](#T1FN1){ref-type="table-fn"}
  Bloody ascites                                                              
  V ≤ 1 mL (*n* = 8)              37.5 (3)[b](#T1FN2){ref-type="table-fn"}    50.0 (4)
  1 cm \< V ≤ 2 mL (*n* = 22)     68.2 (15)[b](#T1FN2){ref-type="table-fn"}   59.1 (13)
  V \> 2 mL (*n* = 6)             100.0 (6)[b](#T1FN2){ref-type="table-fn"}   83.3 (5)
  Liver metastases                                                            
  Negative (*n* = 14)             35.7 (5)[a](#T1FN1){ref-type="table-fn"}    42.8 (6)
  Positive (*n* = 22)             86.4 (19)[a](#T1FN1){ref-type="table-fn"}   72.7 (16)
  Lymph node metastasis                                                       
  Negative (*n* = 20)             50.0 (10)                                   50.0 (10)
  Positive (*n* = 16)             87.5 (14)                                   75.0 (12)

*P* \< 0.05,

*P* \< 0.01. Little bloody ascites: V ≤ 1 mL; Medium bloody ascites: 1 cm \< V ≤ 2 mL; Large bloody ascites: V \> 2 mL. PTN: Pleiotrophin.

Relationship between expression of PTN and N-syndecan with PNI
--------------------------------------------------------------

Tumors with positive PTN protein expression had significantly higher expression of N-syndecan (*P* = 0.048) (Table [2](#T2){ref-type="table"}). A significant association was found between high PTN expression and PNI (*P* = 0.019), and between N-syndecan expression and PNI (*P* = 0.032). The expression levels of PTN and N-syndecan were significantly higher in mice with PNI than in those without (Table [3](#T3){ref-type="table"}).

###### 

Relationship between expression of pleiotrophin and N-syndecan

  **Protein**                 **PTN expression**   ***P* value**   
  --------------------------- -------------------- --------------- -------
  N-syndecan (+) (*n* = 22)   17                   5               0.048
  N-syndecan (-) (*n* = 14)   7                    7               

(-), negative; (+), positive. PTN: Pleiotrophin.

###### 

Associations between pleiotrophin and N-syndecan protein expression and perineural invasion in pancreatic cancer

  **Protein**                 **PIN**   ***P* value**        
  --------------------------- --------- --------------- ---- -------
  PTN (+) (*n* = 24)          3         10              11   0.019
  PTN (-) (*n* = 12)          6         4               2    
  N-syndecan (+) (*n* = 22)   2         8               12   0.032
  N-syndecan (-) (*n* = 14)   6         5               3    

PNI was scored as follows: 0, PNI was difficult to find, with ≤ one occurrence per slide; 1, PNI was easy to find, with two to four occurrences per slide; and 2, PNI was easy to find, with more than four occurrences per slide or intraneural invasion. PNI: Perineural invasion; PTN : Pleiotrophin.

Prognostic value of PTN protein and its receptor in nude mice with pancreatic tumor
-----------------------------------------------------------------------------------

To determine the prognostic value of PTN protein and N-syndecan in our mouse model, we analyzed the cumulative survival of 36 nude mice. The median survival time of nude mice that were PTN negative (*n* = 12) was 109 d, whereas the median survival time of PTN positive mice (*n* = 24) was 98 d (*P* = 0.022) (Figure [2A](#F2){ref-type="fig"}). In addition, nude mice that were N-syndecan negative (*n* = 14) had a higher median survival time than N-syndecan positive ones (*n* = 22); however, the difference was not statistically significant (*P* \> 0.05) (Figure [2B](#F2){ref-type="fig"}).

![Kaplan-Meier survival curves in pancreatic cancer based on pleiotrophin expression. PTN: Pleiotrophin.](WJG-23-3907-g002){#F2}

Multivariate analysis showed that tumor mass size (*P* = 0.038) and bloody ascites (*P* = 0.011) were independent prognostic factors for OS in our mouse model. PTN protein expression or N-syndecan protein expression was not an independent prognostic factor for OS (*P* \> 0.05). Additionally, we found that PNI and other clinical parameters were not independent prognostic factors in our study.

DISCUSSION
==========

Pancreatic cancer is an aggressive malignant disease with an insidious onset and is associated with poor prognosis\[[@B25]-[@B27]\]. The 5-year survival rate of pancreatic cancer remains poor despite the continued improvements and optimization of treatment strategies in recent years. PNI is a notable biological characteristic of pancreatic cancer\[[@B28]\]. In this study, we determined the significance of PTN expression in an orthotopic mouse model of pancreatic cancer to better define its functional role and potential as a novel therapeutic target.

PTN is localized in the cytoplasm of pancreatic cancer cells and is expressed in necrotic tumor cells. The results from our present study showed that high PTN expression significantly correlates with bloody ascites, liver metastasis, and PNI. Univariate analysis showed that there was a positive correlation between the intensity of PTN expression and lymph node metastasis. This may be due to some small metastatic lymph nodes in nude mice that were undetectable. Interestingly, positive PTN expression is also observed in normal tissue around the tumor. This could be due to the up-regulation of PTN in normal cells around the tumor, resulting in the binding and uptake of PTN that was generated by the tumor cells.

A histopathologic characteristic of pancreatic cancer is the extending of PNI into the pancreatic nerve plexus\[[@B9],[@B29]\]. It has been reported that the binding of PTN with N-syndecan in pancreatic nerves promotes the development of neurites\[[@B30]\]. Malignant pancreatic cancer cells penetrate and damage the perineurium of pancreatic nerves. Neuronal damage disrupts neural homeostasis. A study by Yao et al\[[@B30]\] proposed a potential repair of the pancreatic nerves by the growth of additional neurons generated by neurons and Schwann cells. Nevertheless, more PTN positive cancer cells could invade the injured site because of the increased levels of N-syndecan. Finally, higher levels of PTN and N-syndecan can result in continued nerve injury, which may promote cancer invasion and proliferation into the neural structures. PTN and N-syndecan work collaboratively as neurite development-promotion factors to promote the development of PNI\[[@B31]\]. In this study, we found that the protein levels of PTN and N-syndecan were markedly increased in pancreatic cancer in comparison with normal pancreatic tissues. N-syndecan was not present in pancreatic cancer cells and mainly localized in the perineurium of pancreatic nerves. PTN was highly expressed in pancreatic cancer cells. Therefore, these observations could provide some explanations for the migration of pancreatic cancer cells to the pancreatic nerves. In our study, high PTN and N-syndecan expression was significantly associated with PNI (*P* = 0.019 and *P* = 0.032, respectively). PTN and N-syndecan expression levels in pancreatic cancers were significantly higher in nude mice with PNI than in those without. These results suggested that the PTN-N-syndecan pathway could play an important role in the process of PNI.

In this study, we assessed whether high PTN expression is associated with prognosis in pancreatic cancer. Negative PTN expression correlated with longer survival times (109 d *vs* 98 d, respectively). Previous studies have shown that PNI is associated with poor prognosis\[[@B4],[@B32],[@B33]\] and increased mortality risk\[[@B29],[@B34]-[@B36]\]. However, some studies have reported a lack of association between PNI and prognosis in pancreatic cancers\[[@B37]-[@B40]\]. In this study, PNI was not an independent prognostic factor.

In summary, PTN is overexpressed in the orthotopic mouse model of pancreatic cancer and is significantly associated with bloody ascites, tumor size, PNI, and poor prognosis. These observations indicate that PTN may be a biomarker for advanced pancreatic tumor. Moreover, N-syndecan is frequently overexpressed in pancreatic tumor. The co-expression of PTN and N-syndecan proteins suggests their functional coordination in the tumor PNI and association with poor prognosis in pancreatic tumor.

COMMENTS
========

Background
----------

Perineural invasion (PNI) is a primary cause of local recurrence and poor survival in patients with pancreatic cancer. However, the exact mechanism of PNI remains unclear. Pleiotrophin (PTN) is a neurite growth-promoting factor. It exhibits several tumorigenic properties. PTN and N-syndecan are likely critical for tumor growth and PNI of pancreatic tumor.

Research frontiers
------------------

A histopathologic characteristic of pancreatic cancer is the perineural invasion extending into the pancreatic nerve plexus. In a previous study, we found that high expression of PTN and N-syndecan may contribute to increased PNI and poor prognosis in patients with pancreatic cancer. In this study, we further elucidated the function of PTN and N-syndecan using an orthotopic mouse model of pancreatic cancer. PTN and N-syndecan proteins were detected by immunohistochemistry and analyzed for their correlation with prognosis, pathological features, and perineural invasion.

Innovations and breakthroughs
-----------------------------

In recent years, studies in pancreatic tumor have largely focused on biological characterization, especially neural invasion. In this study, we further elucidated the function of PTN and N-syndecan using an orthotopic mouse model of pancreatic cancer. These studies demonstrated that PTN and N-syndecan promoted tumor progression and PNI in our mouse model of pancreatic cancer.

Applications
------------

The study indicates that PTN and N-syndecan appear to be attractive gene therapy targets for inhibiting neural invasion in pancreatic tumor.

Terminology
-----------

PTN is a neurite growth promoting factor. N-syndecan protein shows high binding for PTN. PTN and N-syndecan promote neurite outgrowth. PNI extending into the pancreatic nerve plexus is a unique histopathologic feature of pancreatic cancer. The perineural invasion of pancreatic cancer results in metastasis, local recurrence, and poor prognosis, giving rise to challenges associated with the diagnosis and treatment of pancreatic cancer.

Peer-review
-----------

In the current manuscript, the authors unravel the role of PTN, a heparin-binding growth factor and its receptor, and N-syndecan in the occurrence of PNI, a hallmark of pancreatic cancer progression and aggressiveness. The study is well designed, data interpretations are very insightful and accurate, and the conclusions are precisely compelling.
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